It was reported that an interlayer with intermediate phonon spectra between two dielectric materials could reduce the phononic interfacial thermal resistance. In this work, we show that an appropriate choice of interlayer materials with relatively strong electron-phonon coupling could significantly enhance interfacial thermal transport across metal-dielectric interfaces. Our Boltzmann transport simulations demonstrate that such enhancement is achieved by the elimination of electron-phonon nonequilibrium near the original metal-dielectric interface. Moreover, we reveal that interlayer can substantially accelerate hot electron cooling in thin films with weak electron-phonon coupling, for example, Cu, Ag, and Au, supported on a dielectric substrate. At the same time, lattice heating in the thin film is largely reduced. V C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
As the feature size in many current and emerging electronic and photonic devices shrinks to the sub-100 nm regime, interfaces between different components begin to dominate the overall heat transfer characteristics.
1 Controlling interfacial thermal transport has thereby become an inevitable challenge for thermal management of those devices.
In addition to engineering the thermal conductivity of materials for thermal management, [2] [3] [4] [5] [6] [7] [8] 49 previous studies have also demonstrated various schemes to manipulate thermal transport across solid-solid interfaces, for example, introduction of interface roughness, 9 modification of interfacial bonding, [10] [11] [12] hierarchical alignment of multiple interfaces, [13] [14] [15] and insertion of an interlayer with intermediate vibrational properties between the two materials. 11, 16 The aforementioned schemes primarily focus on engineering phonon transport, while much less attention [17] [18] [19] was paid to the electron side. Moreover, it was revealed that electronphonon interaction plays an important role in thermal transport across metal-dielectric interfaces, 20, 21 suggesting the feasibility of controlling interfacial thermal transport by manipulating the electron degree-of-freedom.
The coexistence of electron and phonon channels, however, makes thermal transport occur in a rather complicated manner. In pump-probe experiments, 22 for instance, laser radiation rapidly elevates the electron temperature to thousands of Kelvin in a time scale of tens to hundreds of femtoseconds, while the lattice (phonons) remains cool. Subsequently, the deposition of heat from hot electrons to cold phonons occurs in a time scale of the order of electronphonon relaxation time (1-10 ps), which renders the electrons and phonons almost in thermal equilibrium with each other yet still at a temperature higher than the substrate. Finally, the gradual heat dissipation across the interface and then into the substrate starts to dominate in a time span of nanoseconds. Obviously, the transient thermal process described above is characterized by the dominance of different thermal transport channels in a sequential manner. In contrast, steady-state thermal transport reflects the summation of all the existing channels. A rigorous understanding of the above thermal transport processes is therefore important for the management of the overall heat transfer characteristics of electronic and photonic devices.
In this work, we strive to understand various heat transfer pathways and evaluate the effect of interlayer on interfacial thermal transport and hot electron cooling dynamics in metal-dielectric systems. In our previous work, we estimated that the interfacial thermal conductance of Au-Si interface could be significantly enhanced by adding a thin interlayer of metal with strong electron-phonon coupling, such as Al, Ni, Ti, and Cr. 18 This is because such an interlayer can readily drag electron and phonon into thermal equilibrium, which reduces the thermal resistance associated with the electronphonon nonequilibrium near the metal-semiconductor interface. 21 Herein we perform more quantitative predictions, including relevant electron-phonon coupling and phonon transmission processes, to show that applying an appropriate interlayer can be a practical way to enhance thermal transport across metal-dielectric interfaces. Moreover, we also evaluate the effect of interlayer on hot electron cooling dynamics during ultrafast laser heating. We will show that this is of practical importance because of interlayer's two competing effects on a device: on one hand, it reduces lattice heating and thereby extending device lifetime; on the other hand, it accelerates the energy loss of hot electrons, which degrades energy efficiency. This paper proceeds as follows. In Section II, we describe the two-temperature Boltzmann transport equation (BTE) method to simulate electron-phonon coupled thermal transport. In Section III, we briefly present calculations of the input parameters for the BTE simulations, such as electronic/phononic thermal conductivity and interfacial thermal conductance. In Section IV, we evaluate the effect of Al and Pt interlayers on steady-state interfacial thermal transport and ultrafast hot electron cooling dynamics in Au-Si systems.
II. TWO-TEMPERATURE BOLTZMANN TRANSPORT EQUATION
We combine the BTE method with the two-temperature model (TTM) by including an electron-phonon coupling term in both the phononic and the electronic BTEs
where e e and e p are the energy density of electrons and phonons, 23 
where a is the index for transport directions, which is either forward þ or backward -in the 1D BTE here. e 0 e and e 0 p are the equilibrium energy density of electrons and phonons, which are approximated as ðe e;þ þ e e;À Þ=2 and ðe p;þ þ e p;À Þ=2, respectively. In addition, w e ¼ Dt=s e and w p ¼ Dt=s p , where s e and s p denote the relaxation time of electrons and phonons, respectively. In this work, the computational grid size is mode-dependent, that is, Dx e ¼ v e Dt and Dx p ¼ v p Dt, which is different from the mode-dependent time step size scheme used in previous LBM-based BTE calculations. 27 We note that v e ) v p in most metals and semiconductors, with the former usually being close to the Fermi velocity v f (on the order of 1 Â 10 6 m/s) and the latter approximately being the phonon group velocity v s (on the order of 1 Â 10 3 m/s). The great mismatch between v f and v s makes Dx e and Dx p differ by almost three orders of magnitude. As a result, each electron grid is coupled to thousands of phonon grids.
The fact that the thickness of the thin film is usually between 20 and 200 nm while the substrate is usually much thicker renders a full BTE calculation for both sides rather computationally demanding, especially when multiple phonon modes or electron modes are included. Because the substrate is usually much thicker than the mean-free-path of the heat carriers, we use the diffusive TTM
to model the heat transfer in the substrate. In the above equations, C, T, j, and _ r are the heat capacity, temperature, thermal conductivity, and volumetric heat generation rate of electrons (subscript e) and phonons (subscript p), respectively.
In the diffusive TTM calculation, the phonon channel and the electron channel are discretized uniformly with the same Dx F , and Eqs. 3(a) and 3(b) are discretized and rearranged as T e;x;tþDt ¼ ð1 À 2a e À b ep ÞT e;x;t þ a e ðT e;xþDx F ;t þ T e;xÀDx F ;t Þ þ b ep T p;x;t ; (4a)
where
, and b pe ¼ DtG ep =c p . This coupled BTE-Fourier scheme is able to capture the ballistic nature of heat transfer in the metal film and account for the diffusive thermal transport inside the substrate effectively and efficiently, which has been used for phonon transport previously. 28 
III. INPUT PARAMETERS
The BTE simulation described in Section II requires several input parameters: velocity v, heat capacity c (or the electron heat capacity constant c), and lifetime s of electrons and phonons, as well as the electron-phonon coupling constant G ep . The values of v e , c, and G ep can be obtained from literature, while the calculation of other parameters is presented in this section.
A. Bulk properties: v p ; c p ; s p , and s e In metals, both phonon and electron contribute to thermal transport. As the total thermal conductivity j tot and electrical conductivity r of metals are usually available, one can roughly estimate the phononic part based on
in which the electronic thermal conductivity j e can be estimated by the Wiedemann-Franz law
where L is the Lorenz number. The Sommerfeld value of 2:44 Â 10 À8 WXK À2 was derived for L in degenerate metals, semi-metals, or semiconductors. However, we note that Eq. (5) is a rather rough approach to estimate j p . 29 Herein we adopt the j p , heat capacity, and phonon dispersion relations obtained from first-principles calculations. 30 We will solve the BTE equations under a gray approximation where average phonon properties are used. v p is calculated as the average Brillouin Zone center group velocity (in the C-X direction) of the three acoustic branches as
where LA and TA (two branches) denote the longitudinal and transverse acoustic branch, respectively. The average phonon relaxation time s p is estimated from the kinetic theory
It is worth mentioning that even though such gray approximation has been widely used to interpret experiments, it inherently neglects the influence of spectral phonon and electron properties on heat transfer. In this work, we deliberately choose to use a gray model because it is accurate enough to capture the effect of interlayer on the overall heat transfer characteristics of the system of interest, while a more complicated spectral model is not necessary.
After we obtain j p , j e can be obtained by Eq. (5) with a knowledge of the experimental value of the total thermal conductivity. The relaxation time of electrons can be estimated in a similar way as Eq. (8) for phonons. Table I lists the average phonon and electron properties of Au, Al, Pt, and Si to be used in the BTE simulations.
B. Interfacial thermal transport properties

Phonon transmission
When two materials with dissimilar vibrational properties like those in Fig. 1(a) are put into contact, phonons attempting to traverse the interface might be reflected, leading to interfacial thermal resistance R pp , of which the inverse is often referred to as interfacial thermal conductance G pp . R pp can be estimated by approaches such as molecular dynamics simulations, acoustic mismatch model, 34 diffuse mismatch model 35 (DMM), and nonequilibrium Green's function approach. 36 DMM cannot capture the effect of coherent phonon transport on phonon transmission as observed in systems containing multiple smooth, parallel interfaces. 13, 15, 37 However, it was developed based on the assumption of diffuse phonon interface scattering, which at the same time also suppresses coherent phonon transport.
13,15 Therefore, we limit this work to systems with rough interfaces and use DMM to calculate phonon transmission coefficients. In this work, the R pp between two materials is computed using full phonon dispersion relations over the entire first Brillouin zone (FBZ) as
where V FBZ is the volume of the FBZ, h is the reduced Planck constant, and N k is the number of grids we have divided the FBZ into, that is, 16 Â 16 Â 16 uniform grids of volume DV A and DV B . In addition, v kAx is the group velocity of a phonon mode with wavevector k and polarization in material A projected in the x direction, and f is the distribution function. The elastic phonon transmission coefficient N AB for phonon transmission from material A to material B is calculated using DMM as
where d x k ;x is the Kronecker delta function. The R pp 's of Au-Si, Au-Al, Au-Pt, Al-Si, and Pt-Si as a function of temperature computed in this way are plotted in Fig. 1(b) . It is worth mentioning that the vibrational density of states of Al and Pt are between those of Au and Si, as shown in Fig. 1(a) . As a result, both the G pp of Au-Al/Pt and that of Al/Pt-Si are higher than the G pp of Au-Si. Therefore, adding a thin layer of Al or Pt to Au-Si interface should not increase the effective interfacial thermal resistance significantly in terms of phonon transport. Later we will see that a thin Al or Pt interlayer could even enhance interfacial thermal transport by reducing the nonequilibrium between electrons and phonons near the interface.
Electron transmission
Electron transmission across the interface between metal and low-doped semiconductor is usually a thermionic emission process, which has an effective thermal conductance lower than or comparable to its phonon counterpart. 18 Moreover, the very low density of free electrons (or holes) in the low-doped semiconductor renders it difficult for electronic heat to be dissipated further into the substrate. 18 Therefore, the electron transmission channel is negligible in metal-low-doped semiconductor systems. For electron transport across the interface between two metals, Gundrum et al. extended the DMM for phonon to electron. 39 Specifically, the electronic interfacial thermal resistance R ee can be computed as
where Z A ¼ c e;A v e;A and Z B ¼ c e;B v e;B . As shown in Fig. 1(b) , the computed R ee 's are 1-2 orders of magnitude lower than corresponding R pp 's but are very close to the R ee 's measured in the experiments of Gundrum et al. for metal-metal interfaces. 39 
IV. SIMULATION RESULTS
A. Steady state thermal transport
In practical applications, a thin Cr, Ti, or Pt layer is usually deposited on the Si substrate before the deposition of the Au layer as an adhesion layer or diffusion barrier. It has been reported that a Ti interlayer at the Au-Si interface can enhance the effective thermal conductance significantly owing to the enhanced bonding at the interface. 11 We note that Al and Pt have 1-2 orders of magnitude higher G ep than Au, which may reduce the interfacial thermal resistance due to electron-phonon nonequilibrium near the interface. To assess this effect, we calculate the effective R for Au-Si interfaces with and without an interlayer of Al or Pt, of which the schematics are shown in Fig. 2(a) .
In our simulations, we maintain the surface of the Au film, as shown in Fig. 2(a) , at 310 K while the bottom of the Si substrate at 290 K. The effective interfacial thermal resistance R eff is computed as
where J is the heat flux (in W/m 2 ), and l Au and l Si are the thickness of the Au and Si segment, respectively. In Fig. 2(b) , we show the effective interfacial thermal resistance normalized by that of a direct Au-Si interface (R original ¼ 1:33 Â 10 À8 m 2 K/W) as a function of interlayer thickness. To account for the possibility of non-ideal contact between the Au film and the interlayer, which causes lower G ee , additional simulations using 20% of the theoretical value of G ee predicted by Eq. (11) are also conducted. The artificially reduced G ee 's are much lower than the experimental values for metal-metal interfaces reported in Ref. 39 ; therefore, we assert that it can well represent the lower limit of the G ee of well-welded Au-Al and Au-Pt interfaces. As we can see in Fig. 2(b) , for both ideal or non-ideal contact cases, the interfacial thermal resistance is reduced significantly by the interlayer, suggesting the robustness of this scheme to enhance interfacial thermal transport. R eff is higher when G ee is lower as it becomes more difficult for hot electrons in the Au film to transport into the Al or Pt interlayer and then equilibrate with phonons. Moreover, the effective interfacial thermal resistance R eff increases with interlayer thickness, since the thermal resistance of the interlayer itself increases as l interlayer =j interlayer .
Figures 2(c) and 2(d) are the temperature profiles of electron and phonon obtained in our simulations on Au-Si and Au-Pt-Si systems. A notable electron-phonon nonequilibrium region can be seen near the interface in Fig. 2(c) , while this region is significantly reduced by the Pt interlayer, as shown in Fig. 2(d) . The elimination of the nonequilibrium region leads to reduced R eff , as suggested theoretically in Ref. 18 .
Therefore, we conclude that interlayers can significantly affect the thermal transport across metal/dielectric interfaces if the heat dissipation across the original interface is limited by large electron-phonon nonequilibrium. This is usually true for metals with weak electron-phonon coupling, for example, Cu, Ag, and Au, and interlayers with strong electron-phonon coupling, for example, Al, Pt, Cr, and Ti.
B. Ultrafast electron cooling in Au thin films
The pump-probe technique has been used to evaluate the electron-phonon coupling constant G ep of metals. In a pump-probe measurement, a pump laser is injected to the metal thin film in which the temperature of electrons can be elevated to thousands of Kelvins in tens to hundreds of femtoseconds. Subsequently, the hot electrons are cooled down by the colder lattice, and the cooling curve allows one to evaluate G ep . Similar process also happens in practical applications such as heat-assisted magnetic recording. In this section, we assess the effect of interlayers on hot electron cooling dynamics in Au thin films.
The simulations are conducted to mimic pump-probe experiments of Guo et al., 40 in which a pump laser with a pulse width of 390 fs was used. All the parameters of the laser in our simulations are the same as those in Ref. 40 . In  Figs. 3(a) and 3(b) , we show the possible heat transfer pathways in the Au-Si system without (a) and with (b) an interlayer. When Au is in direct contact with Si, initially hot electrons dissipate heat into the lattice through electronphonon coupling, and then the hot Au lattice transfers heat into the Si lattice. When there is an interlayer between Au and Si, an additional channel is created, in which hot electrons carry heat into the interlayer and deposit heat into the interlayer lattice. If the interlayer has much higher G ep than Au, the lattice temperature of the interlayer increases more quickly than Au. This leads to backflow of phononic heat from the interlayer to the Au lattice. The above heat transfer pathways are indicated as (I), (II), and (III), and their effect on lattice heating will be discussed later. The direction indicated by the dashed arrow for channel (III) is when the interlayer has lower G ep than Au. In fact, another possible channel, direct coupling between electrons in the Au film and the substrate, may contribute to interfacial thermal conductance. [40] [41] [42] However, the existence of such electronsubstrate coupling channel is neither unambiguously confirmed nor well understood. [42] [43] [44] [45] Therefore, it is not considered at the moment in this paper.
As shown in Fig. 3(c) , the electron temperature increases to 2000-3000 K within hundreds of femtoseconds and then decreases at a much lower speed. Moreover, adding an interlayer accelerates hot electron cooling substantially. The acceleration arises from the new electron cooling channel created by the interlayer, as shown in Fig. 3(b) . Specifically, hot electrons in Au can readily transmit across the Au-Al or Au-Pt interface and then rapidly dissipate heat into the Al or Pt lattice due to their high G ep . To consider the effect of interface nonideality, we also conduct additional simulations in which we reduce the G ee of Au-interlayer interface to 20% of the theoretical value. It is obvious that even for the reduced G ee cases, a Pt or Al interlayer can accelerate hot electron cooling substantially. We also study the effect of interlayer thickness by simulating two different structures: one with a 10-nm thick interlayer while the other with a 20-nm interlayer. As shown in Fig. 3(c) , electron temperature drops more quickly in the case with thicker interlayer. This is because a thicker interlayer has a larger volume V to absorb electronic heat through electron-phonon coupling, of which the heat transfer rate is on the order of G ep;interlayer V interlayer .
In Fig. 4(a) , we show the lattice temperature rise (T p À 300 K) as a function of time. As we can see, the lattice temperature of the Au film in the no-interlayer case increases at the beginning due to electron-phonon coupling (channel I), and decreases thereafter due to heat dissipation into the substrate (channel II). The above two competing processes, I and II, lead to a maximum lattice temperature (T p;max ), which is an important factor determining the lifetime of devices. In many applications, a high T p;max degrades or even destroys the device and therefore should be minimized. As we can see, adding an interlayer of Al or Pt helps to reduce T p;max significantly. For the cases with interlayers, as shown in Fig.  4(a) , the lattice temperature of Au increases at two distinctly different speeds. Similar to the no-interlayer case, the initial fast increase in T p is due to electron-phonon coupling, while the subsequent slower increase is caused by phononic heat transfer from the hotter lattice of the interlayer (channel III). Moreover, thicker interlayer or higher G ee between the Au film and the interlayer reduces T p;max more significantly.
The above observations can be understood more clearly by Fig. 4(b) , where we plot the lattice temperature rise in the interlayer as a function of time. Comparing Figs. 4(a) and 4(b), we can see that the temperature rise in the interlayer is much higher than that in the Au film. This is because the hot electrons in the Au film transfer heat into the interlayer quickly due to the high G ee and then dissipate heat into the interlayer lattice rapidly due to the high G ep . The above channel is much more efficient in transferring heat from hot electrons to the lattice than the electron-phonon coupling channel in the Au film, which has much lower G ep than Pt and Al. As a result, most of the electron energy is deposited into the interlayer lattice rather than the Au lattice. Similar sub-surface heating phenomena have been observed for Au-Cr multilayers, 17 Ag film-Cu substrate systems, 46, 47 and Au-Pt bilayers. 48 Moreover, a higher G ee leads to faster transfer of electronic heat from Au film to the interlayer and a thicker interlayer has a larger volume to absorb electronic heat, of which both reduce the lattice temperature rise in Au.
As a final remark of this section, we note that adding an interlayer of Al or Pt to the Au-Si interface has two-fold effects on the heat transfer characteristics of the system. On one hand, it accelerates hot electron cooling and thereby causes more energy loss, which should be minimized for energy efficiency; on the other hand, it reduces lattice heating in the Au thin film significantly, which could assist in maintaining a longer device lifetime. This means that sophisticated thermal design is needed to achieve an optimal balance between device performance and lifetime.
V. CONCLUSION
In this work, we conducted BTE simulations to study electron-phonon coupled thermal transport in Au-Si systems. We demonstrated that by applying an interlayer with stronger electron-phonon coupling than the original metal film, the effective interfacial thermal resistance can be significantly reduced. This is because the interlayer can drag electrons and phonons back into equilibrium efficiently, thereby reducing the resistance caused by the nonequilibrium between electrons and phonons. Moreover, we observed that interlayers can also cause a faster energy loss of hot electrons. The reduced interfacial resistance and accelerated electron cooling impose a tradeoff between the lifetime and the energy efficiency of the device, which requires sophisticated thermal design. 
